Introduction
Japan Atomic Energy Agency (JAEA) has been studying partitioning and transmutation systems since the 1970s. 1 The long-term radiotoxicity of high-level liquid waste (HLLW) mainly depends on its minor actinide (MA: Np, Am, and Cm) content. After partitioning, the long-term radiotoxicity of MAs could decrease because of their transmutation into shorter-lived or more stable elements in advanced nuclear reactors and accelerator-driven systems. 2 Therefore, in all these processes, the separation of trivalent MA (MA(III)) from trivalent lanthanide (Ln(III)) is of critical importance. However, it is a challenging task because of the similar chemical properties and ionic radii of the two groups of metals. Ligands with soft donor atoms such as N and S show selectivity for MA(III) over Ln(III). Various soft donor ligands have been developed. [3] [4] [5] However, S-donor ligands are very chemically unstable because S atoms are easily oxidized. N-Donor ligands are hardly used because of their protonation in highly acidic solutions (e.g., [HNO3] ≈ 3 M in HLLW); thus, the N-donor is deactivated. Furthermore, other severe problems associated with soft donor ligands are slow extraction, poor solubility in nonpolar solvents, difficult synthesis, and high cost. [6] [7] [8] [9] Therefore, no effective extractant has been developed for practical use to date.
In this study, 2-ethylhexyl diamide amine (ADAAM(EH)) is examined using liquid-liquid extraction. The structure of ADAAM(EH) is shown in Fig. 1 . ADAAM(EH) is a tridentate ligand with one soft N-donor atom and two hard amide C=O donor groups on the central frame, and it is expected to have stronger extractability with Am(III) than with Eu(III) because of the soft N-donor.
Furthermore, ADAAM(EH) has five 2-ethylhexyl hydrophobic alkyl chains and is expected to have high solubility in nonpolar solvents such as n-dodecane, which is the most popular hydrocarbon diluent used in reprocessing plants. ADAAM(EH) satisfies the CHON principle (it contains only C, H, O, and N atoms), making it practical for incineration at the end of its lifecycle.
10 ADAAM(EH) is examined for the mutual separation of Am(III) and Eu(III) from nitric acid to n-dodecane.
Experimental
Reagents and chemicals ADAAM(EH) was obtained from Chemicrea, Inc. (Tokyo, Japan). Radioactive isotopes (Am(III) and Eu(III)) were purchased from Japan Radioisotope Association (Tokyo, Japan). All other reagents were of analytical grade, commercially available, and used without purification.
Extraction procedure
The solvent extraction test for Am(III) and Eu(III) was conducted as follows. An organic phase prepared by dissolving 2016 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: Suzuki.hideya@jaea.go.jp Notes ADAAM(EH) in n-dodecane first pre-equilibrated with the same concentration of HNO3 as that used in the following extraction experiments. Aqueous phases were prepared by dissolving Am(III) and Eu(III) (sub ppb-level) in HNO3. Equal volumes (2 mL) of the organic and aqueous solutions phases were mixed in a stoppered glass tube (9 mL) and mechanically shaken by a shaker (Yayoi. Co.,Ltd YS-8D) at 25 ± 1 C for 20 min to attain equilibrium. After separation of the two phases by centrifugation for 5 min, the concentrations of Am(III) and Eu(III) in the aqueous and organic phases were measured using a γ-spectrometer (BSIGCD-20180X). The γ-lines at 59.5 and 122 keV were examined for ]aq) were calculated as the ratios of the γ-activity in the organic phase to the γ-activity in the aqueous phase for the two radionuclide metal ions. The subscripts org and aq denote the organic and the aqueous phases, respectively. The selectivity of Am(III) over Eu(III) was expressed by the separation factor (SFAm/Eu = DAm/DEu). Moreover, the equilibrium HNO3 concentration of the aqueous phases were measured by titration. The extraction capacity and reaction velocity of ADAAM(EH) were measured by performing Nd(III) extraction. We assumed that the extraction capacity and reaction velocity for Am(III) were the same as those for Nd(III) (Am(III) and Nd(III) have the same charge and ionic radius). The concentration of Nd(III) was measured with ICP-AES (Shimadzu Corporation ICPS-7510). The Nd(III) concentration in the organic phase was calculated on the basis of mass balance.
Results and Discussion
The separation of Am(III) from Eu(III) was investigated. ADAAM(EH) is an extractant of the molecular organic ligand type for metal ions like tributylphosphate (TBP) and diglycolamide (DGA). [11] [12] [13] The mechanism of normal ion-pair extraction is expressed by the following equilibrium equation (Am:ADAAM(EH) = 1:1 complex):
Increasing [NO3 -]aq also linearly increased DAm with a slope of three. However, the corresponding logarithmic plot showed a slope of less than three. Meanwhile, in the high concentration range of H + (>1.5 M), the decrease in DAm achieved by increasing protonated complexes can be explained by reaction (2):
A characteristic convex graph was obtained because of the increase and decrease in DAm resulting from ion-pair extraction and protonation, respectively. Eu(III) shows the same reaction mechanism as Am(III). Details will be given in a forthcoming paper.
The extraction capacity of the ADAAM(EH) solvent was measured by performing Nd(III) extraction (Fig. 4) . Extraction capacity, which is the maximum concentration of the extracted metal ion in the organic phase, is a very important parameter. The results obtained in this study indicated an extraction capacity of approximately 150 mM in 0.5 M ADAAM(EH) with n-dodecane and 1.5 M HNO3, without the formation of a third phase or precipitate. We assumed that the extraction capacity for Am(III) was the same as that for Nd(III) (Am(III) and Nd(III) have the same charge and ionic radius). Figure 5 shows the distribution ratio of Nd(III) (DNd) as a function of reaction time (i.e., the shaking time). The extraction conditions were fixed at 1.5 M HNO3 and 0.1 M ADAAM(EH) in n-dodecane. Equal volumes of the organic and aqueous solutions were mixed in a stoppered glass tube and shaken by shaker at 240 revolutions per minute (Yayoi. Co.,Ltd YS-8D). Next, they were promptly separated centrifugally. DNd became constant in only 20 s, indicating that the reaction reached chemical equilibrium. Thus, ADAAM(EH) has very fast reaction kinetics.
Conclusions
In summary, ADAAM(EH), a new extractant with soft N-donor and hard O-donor atoms, was tested for the extraction of Am(III) and Eu(III) from HNO3 to n-dodecane. It was demonstrated that Am(III) and Eu(III) can be separated with high SFAm/Eu values from highly acidic solutions. Furthermore, ADAAM(EH) has the following properties: high extraction capacity, good solubility in diluents, clear and fast phase separation, fast extraction kinetics, easy synthesis, and low cost. ADAAM(EH) shows an exquisite combination effect, i.e., extraction ability by hard amide C=O donor groups and selectivity between Am(III) and Eu(III) by one soft N-donor atom. ADAAM(EH) is a highly practical extractant for partitioning Am(III) from Eu(III). 
